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Surfaces  of  carbon  steel  (CS)  exposed  to  mixed  cultures  of  iron-oxidizing  bacteria  (FeOB)  and  dissimilatory  iron-reducing 
bacteria  (FeRB)  in  seawater  media  under  aerobic  conditions  were  rougher  than  surfaces  of  CS  exposed  to  pure  cultures  of 
either  type  of  microorganism.  The  roughened  surface,  demonstrated  by  profilometry,  is  an  indication  of  loss  of  metal  from 
the  surface.  In  the  presence  of  CS,  aerobically  grown  FeOB  produced  tight,  twisted  helical  stalks  encrusted  with  iron 
oxides.  When  CS  was  exposed  anaerobically  in  the  presence  of  FeRB,  some  surface  oxides  were  removed.  However,  when 
the  same  FeOB  and  FeRB  were  grown  together  in  an  aerobic  medium,  FeOB  stalks  were  less  encrusted  with  iron  oxides 
and  appeared  less  tightly  coiled.  These  observations  suggest  that  iron  oxides  on  the  stalks  were  reduced  and  solubilized  by 
the  FeRB.  Roughened  surfaces  of  CS  and  denuded  stalks  were  replicated  with  three  culture  combinations  of  different  spe¬ 
cies  of  FeOB  and  FeRB  under  three  experimental  conditions.  Measurements  of  electrochemical  polarization  resistance 
established  different  rates  of  corrosion  of  CS  in  aerobic  and  anaerobic  media,  but  could  not  differentiate  rate  differences 
between  sterile  controls  and  inoculated  exposures  for  a  given  bulk  concentration  of  dissolved  oxygen.  Similarly,  total  iron 
in  the  electrolyte  could  not  be  used  to  differentiate  treatments.  The  experiments  demonstrate  the  potential  for  iron  cycling 
(oxidation  and  reduction)  on  corroding  CS  in  aerobic  seawater  media. 
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Introduction 

Iron  oxidizing  bacteria  (FeOB)  were  among  the  first 
groups  of  microorganisms  identified  as  causing  microbio¬ 
logically  influenced  corrosion  (MIC)  (Sharpley  1961; 
Kobrin  1976).  FeOB  oxidize  ferrous  (Fe2+)  to  ferric 
(Fe3+)  to  obtain  energy.  The  FeOB  genera  that  are 
usually  cited  as  causing  MIC  are  neutrophilic,  microaero- 
philic  stalk-  and  sheath-producing,  eg  Gallionella, 
Sphaerotilus,  Crenothrix,  Siderocapsa,  Clonothrix,  and 
Leptothrix  (Little  &  Lee  2007).  These  organisms  can 
produce  dense  deposits  made  up  of  intact  and/or  the 
partly  degraded  remains  of  bacterial  cells  mixed  with 
amorphous  hydrous  ferric  oxides/hydroxides.  Deposits, 
including  those  produced  by  FeOB,  initiate  a  series  of 
events  that  are  individually  or  collectively  very  corrosive 
for  materials  that  are  prone  to  under-deposit  corrosion; 
eg  300  series  stainless  steels  exposed  in  stagnant,  oxy¬ 
genated,  and  chloride-containing  waters.  The  area  under 
each  deposit  becomes  a  relatively  small  anode  compared 
to  the  large  surrounding  oxygenated  cathode.  Details  of 
this  classic  MIC  mechanism  have  been  described  else¬ 
where  (Little  &  Lee  2007).  Stalk-producing,  neutrophilic 
Siderocapsa  sp.  (Flicks  2007;  Ray  et  al.  2009)  and 
Mariprofundus  sp.  (‘Zetaproteobacteria’)  (McBeth  et  al. 
2011)  have  been  identified  in  association  with  localized 


corrosion  of  carbon  steel  (CS)  in  a  freshwater  lake  and  a 
nearshore  marine  environment,  respectively. 

The  relationship  of  iron-reducing  bacteria  (FeRB)  to 
corrosion  is  not  straightforward;  FeRB  may  enhance 
corrosion  under  some  circumstances  or  have  a  passivat¬ 
ing  effect  on  corrosion  in  others  (Larsen  et  al.  1998; 
Dubiel  et  al.  2002).  FeRB  derive  energy  from  reduction 
of  Fe3+  in  one  of  two  ways:  using  an  electron  transport 
chain  in  anaerobic  respiration,  or  by  using  Fe3+  as  an 
electron  sink  during  fermentation.  FeRB  can  be  either 
strict  anaerobes  (eg  members  of  the  Geobacteraceae)  or 
facultative  anaerobes  that  use  oxygen,  but  can  switch  to 
using  iron  as  a  terminal  electron  acceptor  under  anaero- 
biosis  (eg  members  of  the  genus  Shewanella).  Inhibitor 
and  competition  experiments  suggest  that  Fe’+  is  an 
efficient  electron  acceptor  similar  to  nitrate  in  redox  abil¬ 
ity,  capable  of  out-competing  electron  acceptors  of  lower 
potential,  such  as  sulfate  or  carbon  dioxide.  Myers  and 
Nealson  (1988)  working  with  Shewanella  sp.  and  Lovley 
et  al.  (1987)  working  with  Geobacter  sp.  demonstrated 
that  solid  manganese  and  iron  oxides,  respectively,  could 
serve  as  electron  acceptors  in  anaerobic  respiration. 
Coleman  et  al.  (1993)  demonstrated  that  some  sulfate- 
reducing  bacteria  (SRB)  can  reduce  Fe3+.  Investigators 
have  demonstrated  that  FeRB  were  located  in  the 
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corrosion  products  of  iron  and  that  microbial  iron  oxide 
reduction  was  an  important  contributor  to  MIC  by  solu¬ 
bilization  of  insoluble  iron  compounds  and  removal  of 
iron  oxides  (Nealson  &  Little  1997). 

Investigators  have  demonstrated  a  spatial  relationship 
between  FeOB  and  FeRB  in  corrosion  products  (Dang 
et  al.  2011).  The  co-occurrence  of  these  complementary 
iron-cycling  bacteria  in  natural  marine  corrosion  environ¬ 
ments  may  influence  corrosion.  Experiments  were 
designed  to  test  the  hypothesis  that  co-cultures  of  FeOB 
and  FeRB  will  result  in  enhanced  corrosion  of  CS  in 
comparison  with  monoculture  experiments  or  abiotic 
controls  and  that  the  iron  oxides  bound  to  the  stalks  of 
FeOB  will  be  reduced  by  FeRB. 

Methods  and  materials 

Three  independent  experiments  were  designed  (Table  1). 
For  each  experimental  set,  a  seawater  medium  was  used 
as  the  electrolyte.  Different  species  of  FeOB  and  FeRB 
were  used  in  each  experiment.  In  all  cases,  CS  (UNS 
C10200)  electrodes  (1.59  cm  dia.  x  0.16  cm  thick)  were 
exposed  after  having  been  polished  to  600  grit  finish. 

The  first  experiment  was  conducted  with  the  FeOB 
Mariprofundus  ferrooxydans  strain  PV-1  (NCMA  Bl) 
and  the  FeRB  Geothermobacter  sp.  strain  FIR-1 
(NCMA  B105)  in  Instant  Ocean  (IO,  35  g  l"1)  (www. 
instantocean.com).  IO  (750  ml)  was  added  to  1  1  green 
flasks  (electrochemical  cells)  as  detailed  in  ASTM  G5 
(2004).  Sodium  acetate  (10  mM)  was  added  to  flasks  des¬ 
tined  to  contain  FeRB,  and  vitamin  and  mineral  solutions 


Table  1 .  Experimental  matrix. 


Experiment 

Microorganisms 

Electrolyte 

Temp. 

(°C) 

Exposure 
period  (d) 

1 

FeOB 

Mariprofundus 

ferrooxydans 

PV-1 

IO 

25  ±  1 

49 

FeRB 

Geothermobacter 

sp.  HR-1 

2 

FeOB 

Mariprofundus 
sp.  M34 

FeRB  Shewanella 
japonica 

Sterile 

Key  West, 
FL 

seawater 

27  ±  2 

14 

3 

FeOB 

Mariprofundus 

sp.  DIS-1 

FeRB  Shewanella 
frigidimarina 

ASW 

medium 

27  ±  1 

14 

Described  by  Emerson  and  Floyd  (2005). 


were  added  to  all  flasks  (Guillard  &  Ryther  1962;  Guillard 
1975).  The  green  flasks  were  equipped  with  a  Luggin 
probe,  a  saturated  calomel  reference  electrode  (SCE),  a 
graphite  counter  electrode,  and  a  CS  working  electrode 
(1  cm2  exposed  area)  with  the  exposed  surface  vertically 
orientated.  Electrochemical  cells  were  autoclaved  (less 
SCE)  prior  to  the  start  of  the  experiment.  A  concentrated 
cell  solution  was  prepared  from  400  ml  of  FeOB  M.  ferro¬ 
oxydans  PV-1  cell  culture.  Ten  ml  of  the  concentrate  were 
inoculated  into  each  of  the  flasks  designated  for  FeOB  and 
FeOB/FeRB  treatments.  An  aliquot  (5  ml)  of  FeRB  Geo¬ 
thermobacter  sp.  FIR-1  cell  culture  was  inoculated  into 
each  of  the  FeOB  and  FeOB/FeRB  treatments.  Polarization 
resistance  (Rp  [Q  cm2])  was  measured  daily  over  a  49  d 
period  according  to  ASTM  G59  (2003)  using  a  Reference 
600™  potentiostat  and  an  ECM8™  Multiplexer  (Gamry 
Instruments,  Warminster,  PA,  US).  Solution  resistance  was 
not  accounted  for  during  the  calculation  of  Rp.  A  sterile 
foam  stopper  was  placed  in  one  port  hole  of  each  electro¬ 
chemical  cell  allowing  exchange  of  gas.  Experiments  were 
conducted  at  25  ±  1  °C  in  two  atmospheres:  aerobic  -  air; 
anaerobic  -  0.01  v/v  C02,  10  v/v  FI2,  bal.  N2.  The  follow¬ 
ing  exposures  were  maintained:  (1)  aerobic  sterile  control; 
(2)  anaerobic  sterile  control;  (3)  FeOB  M.  ferrooxydans 
PV-1  (aerobic);  (4)  FeRB  Geothermobacter  sp.  HR-1 
(anaerobic);  and  (5)  a  combination  of  FeOB  M.  ferrooxy¬ 
dans  PV-1  and  FeRB  Geothermobacter  sp.  HR-1  (aero¬ 
bic).  After  two  d,  autoclave  sterilized  abiotically  produced 
iron  oxide  (~0.1  g)  was  added  to  the  anaerobic  flask  con¬ 
taining  FeRB  Geothermobacter  sp.  HR-1  to  ensure  the 
presence  of  iron  oxides  as  an  electron  donor  for  the  bacte¬ 
ria.  The  starting  pH  of  the  solutions  was  8.5  ±  0.1.  At  the 
conclusion  of  the  49  d  exposure,  the  CS  electrodes  were 
removed  and  prepared  for  environmental  scanning  electron 
microscopy  (ESEM)  and  energy  dispersive  spectroscopy 
(EDS)  as  previously  described  (Ray  &  Little  2003).  After 
acid  cleaning  according  to  ASTM  G1  (2003),  CS  elec¬ 
trodes  were  scanned  using  a  Nanovea  PS50  (Irvine,  CA) 
non-contact  optical  profiler  with  a  400  pm  optical  laser 
pen.  Nanovea  Professional  3D  software  was  used  to  recon¬ 
struct  high  contrast  3D  digital  images  of  the  surfaces  and 
perform  statistical  analysis  including  volume  loss,  maxi¬ 
mum/median  penetration,  and  root  mean  square  (RMS) 
roughness. 

In  the  second  set  of  experiments,  unamended  natural 
filtered/pasteurized  (Little  et  al.  1987)  Key  West,  FL,  US 
seawater  was  used  as  the  electrolyte  with  the  FeOB 
Mariprofundus  strain  M34  (NCMA  B20)  and  the  FeRB 
Shewanella  japonica  (ATCC  BAA-316).  CS  electrodes 
were  autoclaved  and  placed  in  sterile  50  ml  falcon  tubes 
with  40  ml  of  seawater.  The  conically  shaped  bottom  of 
the  falcon  tubes  enabled  the  entire  surface  of  the  CS 
electrode  (4.8  cm2)  to  be  exposed  to  the  electrolyte.  The 
following  exposures  were  maintained  in  triplicate:  (1) 
abiotic  control;  (2)  FeOB  Mariprofundus  sp.  M34;  (3) 
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FeRB  S.  japonica',  and  (4)  a  combination  of  FeOB 
Mariprofundus  sp.  M4  and  FeRB  S.  japonica.  After 
inoculation,  tubes  were  capped  with  ambient  air 
headspaces  and  incubated  at  27  ±  2  °C  for  14  d.  The 
morphology  of  the  product  corrosion  was  examined 
using  ESEM.  Samples  were  also  sent  to  CSIRO  (Floreat 
Park,  WA,  Australia)  for  selected  area  electron  diffraction 
(SAED)  and  transmission  electron  microscopy  (TEM)  to 
determine  the  mineralogical  characteristics. 

In  the  third  set  of  experiments,  artificial  seawater 
(ASW)  medium  described  by  Emerson  and  Floyd  (2005) 
was  used  as  the  electrolyte  with  the  FeOB  Mariprofundus 
sp.  strain  DIS-1  and  the  FeRB  Shewanella  frigidimarina 
(NC1MB  400).  CS  electrodes  were  embedded  in 
EpoThin™  epoxy  resin  (Buehler,  Lake  Bluff,  1L,  USA) 
with  one  face  exposed  (2  cm2).  Individual  electrodes  were 
placed  in  separate  250  ml  glass  bottles  with  the  polished 
surface  facing  upwards.  Bottles  and  associated  electrodes 
were  autoclaved  simultaneously.  One  hundred  ml  of 
sterile  (autoclaved)  ASW  medium  were  added  to  each 
bottle  and  the  bottles  were  incubated  for  14  d  at 
27  ±  1  °C.  The  following  exposures  were  maintained:  (1) 
abiotic  control;  (2)  FeOB  Mariprofundus  sp.  DIS-1;  (3) 
FeRB  ,S.  frigidimarina',  and  (4)  a  combination  of  FeOB 
Mariprofundus  sp.  DIS-1  and  FeRB  S.  frigidimarina. 
Bottles  were  capped  with  ambient  air  headspaces.  Tripli¬ 
cate  samples  were  maintained  for  mineralogy,  light 
microscopy,  and  profilometry.  The  electrolyte  was 
analyzed  for  aqueous  Fe2+,  solid  Fe2+  and  Fe  (total)  con¬ 
centrations  (Stookey  1970),  cell  counts,  pH,  Eh,  and  het- 
erotrophic  contamination  every  2-4  d  with  nutrient  plate 
R2A  agar  checks  (McBeth  et  al.  2011). 

Results 
Experiment  1 

The  starting  pH  of  the  solutions  was  8.2  ±0.1  after  the 
first  day  of  exposure,  and  by  the  end  of  the  experiment  it 
was  7.8  ±  0.1.  The  redox  potentials  of  the  bulk  water 
dropped  rapidly  in  all  treatments  within  the  first  day  of 
exposure,  and  in  the  treatments  incubated  in  the  anaerobic 
chamber  reached  values  <0  mV  (SHE  corrected)  within 
24  h.  Over  the  first  day,  bright  orange  corrosion  products 
were  observed  on  all  CS  surfaces  exposed  to  aerobic  con¬ 
ditions  with  and  without  the  addition  of  bacteria.  After 
2  d,  flocculant  iron  oxides  increased  in  the  chambers  con¬ 
taining  FeOB  M.  ferrooxydans  PV-1.  At  the  conclusion  of 
the  49  d,  the  aerobic  exposure  with  FeOB  M.  ferrooxydans 
PV-1  resulted  in  dark  orange  corrosion  products  on  the  CS 
surface,  whereas  corrosion  products  were  reddish  dark 
brown  without  the  addition  of  FeOB.  The  corrosion  prod¬ 
ucts  were  uniform  in  appearance  and  entirely  covered  the 
CS  surfaces.  Twisted  stalks  covered  with  iron  oxides 
(confirmed  by  EDS,  data  not  shown)  were  observed  on 


Figure  1.  CS  surfaces  after  49  d  exposures  to  amended  IO  with 
different  bacterial  additions  and  bulk  oxygen,  (a)  Twisted  iron 
oxide  encmsted  stalks  (arrow)  after  aerobic  exposure  with  FeOB 
M.  ferrooxydans  PV-1.  (b)  Remnant  grain  boundaries  (arrow) 
were  observed  on  the  CS  surface  after  anaerobic  exposure  with 
FeRB  Geothermobacter  sp.  HR-1,  (c)  Denuded  stalks  (arrow) 
under  aerobic  conditions  with  co-cultures  of  FeOB 
M.  ferrooxydans  PV-1  and  FeRB  Geothermobacter  sp.  HR-1. 
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the  CS  surface  after  exposure  to  FeOB  M.  ferrooxydans 
PV-1  (Figure  la).  CS  surfaces  exposed  to  anaerobic 
conditions  with  and  without  the  addition  of  FeRB 
Geothermobacter  sp.  FIR-1  were  dark  gray  throughout  the 
49  d  exposure.  Grain  matrices  were  preferentially  attacked 
with  visible  grain  boundary  remnants  (Figure  lb).  Macro¬ 
scopic  bright  orange  nodules  (<1  mm  diameter)  covered 
the  CS  surface  exposed  aerobically  with  co-cultures  of 
FeOB  M.  ferrooxydans  PV-1  and  FeRB  Geothermobacter 
sp.  FIR-1.  Stalks  were  observed  on  the  nodules  but  were 
less  twisted  and  denuded  of  iron  oxides  (Figure  lc)  com¬ 
pared  to  the  FeOB-only  exposure  (Figure  la). 

Qualitative  visual  comparison  of  surface  reconstruc¬ 
tions  and  line  scans  (Figure  2)  revealed  readily  apparent 
differences  among  the  CS  surfaces  exposed  under  differ¬ 
ent  conditions.  CS  exposed  to  a  combination  of  FeOB  M. 
ferrooxydans  PV-1  and  FeRB  Geothermobacter  sp.  HR-1 
appeared  rougher  than  CS  exposed  to  either  microorgan¬ 
ism  individually.  This  observation  was  supported  by  quan¬ 
titative  statistical  analysis  that  showed  RMS  roughness 
was  highest  (12.1  pm)  for  CS  exposed  to  a  combination  of 
FeOB  M.  ferrooxydans  PV-1  and  FeRB  Geothermobacter 
sp.  HR-1.  In  comparison,  values  of  RMS  roughness  for 
CS  exposed  to  individual  cultures  of  FeOB  M.  ferrooxy¬ 
dans  PV-1  (RMS  =  10.2  pm)  or  FeRB  Geothermobacter 
sp.  HR-1  (RMS  =  2.3  pm)  were  lower.  Measurements  of 
the  RMS  roughness  of  the  pre-exposed  CS  surfaces  with 
600  grit  finish  were  consistently  low  (0.9  ±0.1  pm).  Less 
metal  loss,  as  measured  by  profilometry,  occurred  in  the 
anaerobic  exposures  with  (0.665  mm3)  and  without  bacte¬ 
ria  (0.711  nun3).  Anaerobic  conditions  resulted  in  uniform 
attack  across  the  CS  surfaces.  The  mean  penetration 
depths  across  the  exposed  surfaces  were  7.6  and  6.8  pm 
for  anaerobic  exposures  with  and  without  FeRB  Geother¬ 
mobacter  sp.  HR-1,  respectively.  The  maximum  penetra¬ 
tion  depths  were  also  similar,  17.9  and  18.7  pm,  for 
anaerobic  exposures  with  and  without  FeRB  Geothermob¬ 
acter  sp.  HR-1,  respectively.  In  comparison,  more  metal 
loss  and  deeper  (max)  penetration  were  observed  in  aero¬ 
bic  exposures  with  (1.94  mm3,  39.2  pm)  and  without 
FeOB  M.  ferrooxydans  PV-1  (2.57  mm3,  61.7  pm),  but 
attack  was  also  uniform.  The  aerobic  exposure  with  co¬ 
cultures  of  FeOB  M.  ferrooxydans  PV-1  and  FeRB  Geo¬ 
thermobacter  sp.  HR-1  had  a  distinctive  corrosion  mor¬ 
phology  where  regions  of  deep  attack  (58.0  pm  max)  were 
surrounded  by  lightly  penetrated  metal  (<5  pm),  resulting 
in  the  roughened  surface. 

Table  2  shows  the  Rp  measurements  for  each 
exposure  condition  averaged  over  the  entire  49  days 
exposure.  Rp  measurements  established  differences 
between  CS  maintained  in  aerobic  (102  Q  cm2)  and 
anaerobic  (105  Q  cm2)  media,  but  did  not  differentiate 
(according  to  standard  deviations)  between  exposures 
with  and  without  addition  of  bacteria.  Aerobic  conditions 
produced  the  highest  rate  of  corrosion  (A1,,  '). 


Figure  2.  3D  profilometry  representations  of  CS  surfaces  after 
49  d  exposure  under  different  oxygen  conditions  and  bacterial 
additions  in  amended  IO.  Dashed  lines  indicate  locations  of 
associated  extracted  line  scan  profiles.  Areas  with  little  to  no 
attack  are  represented  as  gray,  (a)  Unifonn  morphology  of  cor¬ 
rosion  after  aerobic  exposure  with  FeOB  M.  ferrooxydans  PV- 
1.  (b)  Light  uniform  corrosion  after  anaerobic  exposure  with 
FeRB  Geothermobacter  sp.  HR-1,  (c)  Roughened  surface  with 
areas  of  deep  attack  surrounded  by  unattacked  metal  after  expo¬ 
sure  to  aerobic  conditions  with  co-cultures  of  FeOB 
M.  ferrooxydans  PV-1  and  FeRB  Geothermobacter  sp.  HR-1. 
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Table  2.  Average  polarization  resistance  ( Rp )  of  CS  in  10  with 
varying  oxygen  conditions  and  inocula  over  49  d  exposures. 


Microorganisms 

Atmosphere 

Average  Rp 
(£2  cm2) 

SD 

(£2  cm2) 

Sterile  control 

Anaerobic 

1.12  x  105 

0.38  x  105 

FeRB 

Anaerobic 

1.91  x  105 

0.22  x  105 

Geothermobacter 

sp.  HR-1 

Sterile  control 

Aerobic 

4.05  x  102 

0.79  x  102 

FeOB  Mariprofundus 

Aerobic 

5.15  x  102 

1.27  x  102 

ferrooxydans  PV-1 

FeOB  +  FeRB 

Aerobic 

4.60  x  102 

0.60  x  102 

Experiment  2 

CS  exposed  to  FeOB  Mariprofundus  sp.  M34  and  FeRB 
S.  japonica  in  unamended  sterilized  Key  West  seawater 
for  14  d  produced  similar  results  to  the  exposures  in 
Experiment  1.  Twisted  iron  oxide  encrusted  stalks  were 
observed  when  FeOB  Mariprofundus  sp.  M34  was 
exposed  to  CS  (Figure  3a).  Addition  of  FeRB  S.  japon¬ 
ica  resulted  in  the  presence  of  denuded  stalks  that 
remained  tightly  coiled  (Figure  3b).  Stalks  were  not 
observed  in  abiotic  controls  or  in  the  exposure  with 
FeRB  S.  japonica  only. 

Analysis  by  SEM/TEM/SAED  of  corrosion  products 
on  the  surfaces  of  CS  demonstrated  differences  between 
the  exposure  conditions.  Corrosion  products  in  the  abi¬ 
otic  control  were  predominantly  hematite  (Figure  4a). 
The  presence  of  FeOB  Mariprofundus  sp.  M34  resulted 
in  goethite  with  simple  morphology  and  no  long  crystals 
or  twining  (Figure  4b).  Exposure  of  CS  with  FeRB  S. 
japonica  resulted  in  multiple  iron  oxides,  including  goe¬ 
thite,  lepidocrocite,  magnetite,  and  hematite  (Figure  4c). 
Exposure  of  CS  with  both  FeOB  Mariprofundus  sp. 
M34  and  FeRB  S.  japonica  produced  goethite  with  a 
number  of  different  crystal  morphologies  including  some 
long  twined  crystals  (Figure  4d). 

Experiment  3 

Iron  oxide  encrusted  stalks  were  observed  in  all 
exposures  containing  FeOB  Mariprofundus  sp.  DIS-1, 
and  abundant  cells  were  observed  in  all  exposures 
containing  FeOB  Mariprofundus  sp.  DIS-1  and/or  FeRB 
S.  frigidimarina.  No  cells  were  observed  in  the  abiotic 
controls.  Nutrient  plate  agar  checks  for  heterotrophic  con¬ 
tamination  showed  that  the  abiotic  and  FeOB  Maripro¬ 
fundus  sp.  DIS-1  exposures  remained  sterile  and  axenic, 
respectively,  over  the  course  of  the  experiment.  FeRB 
S.  frigidimarina  grew  on  the  nutrient  plates;  however,  no 
colonies  other  than  those  matching  FeRB  S.  frigidimarina 
were  observed.  The  pH  conditions  in  the  experiments 
were  initially  6.7  ±0.1  and  increased  by  the  end  of  the 


Figure  3.  CS  surfaces  after  14  d  exposures  to  filter  sterilized 
Key  West  seawater  with  different  bacterial  additions,  (a) 
Twisted  iron  oxide  encrusted  stalks  after  exposure  with  FeOB 
Mariprofundus  sp.  M34.  (b)  Denuded  stalks  after  exposure  with 
co-cultures  of  FeOB  Mariprofundus  sp.  M34  and  FeRB 
S.  japonica. 

experiment  to  7.8  ±0.1  (abiotic  and  FeOB  Mariprofun¬ 
dus  sp.  DIS-1)  and  7.2  ±0.1  (FeRB  S.  frigidimarina,  and 
FeOB  Mariprofundus  sp.  DIS-1  +  FeRB  S.  frigidimari¬ 
na).  The  redox  potentials  of  the  bulk  water  (SHE  cor¬ 
rected)  ranged  between  ±490  and  ±650  mV  for  abiotic 
and  FeOB  Mariprofundus  sp.  DIS-1  exposures  over  the 
course  of  the  experiment;  in  the  FeRB  S.  frigidimarina 
and  FeOB  Mariprofundus  sp.  DIS-1  +  FeRB  S.  frigidima¬ 
rina  exposures  the  redox  potential  decreased  from  ±500 
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Figure  4.  SEM  images  of  the  CS  surfaces  after  14  d  exposure 
to  filter  sterilized  Key  West  seawater  with  and  without  the  addi¬ 
tion  of  FeOB  Mariprofundus  sp.  M34  and  FeRB  S.  japonica. 
Mineral  identification  of  the  corrosion  product  section  perfonned 
by  TEM/SAED  analysis,  (a)  Hematite  in  abiotic  control;  (b) 
goethite-only  with  simple  morphology  and  no  long  crystal  or 
twining  with  addition  of  FeOB;  (c)  goethite,  lepidocrocite, 
magnetite,  and  hematite  with  the  addition  of  FeRB;  and  (d) 
goethite-only  with  multiple  crystal  morphologies,  including  long 
twined  crystals  with  co-cultures  of  FeOB  and  FeRB. 


to  +150  mV  by  the  end  of  the  14  d  exposure.  Aqueous 
iron  in  the  electrolyte  was  lower  in  the  abiotic  and  FeOB 
Mariprofundus  sp.  D1S-1  exposures  than  in  those  contain¬ 
ing  FeRB  S.  frigidimarina.  However,  the  increase  in  total 
iron  (particulate  and  aqueous)  over  the  14  d  period  was 
too  low  to  indicate  trends  between  the  types  of  treatment. 

Coupon  samples  in  exposures  containing  FeRB 
S.  frigidimarina  had  a  darker  surface  coating  by  the  end 
of  the  experiment  than  exposures  containing  abiotic  and 
FeOB  Mariprofundus  sp.  D1S-1,  which  were  orange.  The 
iron  oxides  on  the  surface  of  the  FeOB  Mariprofundus 
sp.  DIS-1  exposures  were  more  cohesive  in  appearance 
than  those  of  the  abiotic  exposures.  There  was  no 
discernible  macroscopic  difference  between  the  corrosion 
products  on  the  coupons  containing  FeRB  S.  frigidimari¬ 
na  and  FeOB  Mariprofundus  sp.  DIS-1  +  FeRB  S.  fri¬ 
gidimarina.  Light  microscope  analyses  (Figure  5) 
showed  iron  oxide  encrusted  stalks  in  samples  containing 
FeOB  Mariprofundus  sp.  DIS-1;  no  stalks  were  observed 
in  the  abiotic  or  FeRB  S.  frigidimarina  (alone)  expo¬ 
sures.  Samples  containing  FeRB  S.  frigidimarina  had 
abundant  planktonic  cells  and  a  much  higher  cell  density 
was  observed  in  these  exposures  than  in  the  exposures 
containing  FeOB  Mariprofundus  sp.  DIS-1  alone. 

CS  exposed  to  a  combination  of  FeOB 
Mariprofundus  sp.  DIS-1  and  FeRB  S.  frigidimarina  in 
ASW  medium  for  14  d  exhibited  similar  results  to  the 
49  d  experiment  with  different  species  of  FeOB  and  FeRB 
but  with  less  penetration  of  metal.  The  distinctive 
roughened  surface  of  CS  was  observed  after  exposure  to 
both  FeOB  Mariprofundus  sp.  DIS-1  and  FeRB 
S.  frigidimarina  under  aerobic  conditions  with  RMS 
surface  roughness  of  4.9  ±  0.4  pm.  Regions  of  attack  were 
smaller  in  area  compared  to  the  49  d  exposures.  Pit 
density  was  low  (3  pits  cm-2)  with  typical  pit  dimensions 
of  250  pm  diameter  and  20  pm  depth.  Other  exposures, 
including  controls,  resulted  in  uniform  corrosion  with 
<7  pm  metal  penetration  and  RMS  roughness  values 
<2.0  pm. 

Discussion 

Corrosion  product  mineralogy  can  be  used  to  interpret 
the  role  of  microorganisms  in  MIC  (McNeil  &  Odom 
1994).  In  Experiment  2  described  in  this  paper,  the  cor¬ 
rosion  products  in  the  abiotic  controls  were  predomi¬ 
nantly  hematite.  Oxide  films  formed  on  iron  in  air  at 
temperatures  below  200  °C  are  composed  of  magnetite 
and  hematite  (Szklarska-Smialowska  2005).  The  mineral¬ 
ogy  of  products  of  corrosion,  in  the  presence  of  FeOB 
and  FeRB,  was  consistently  different  from  those  formed 
in  abiotic  controls. 

The  precise  conditions  for  the  growth  of  microaero- 
philic  FeOB  has  been  the  topic  of  extensive  study.  Emer¬ 
son  and  Moyer  (1997)  described  a  gel-stabilized  gradient 


Downloaded  by  [128.160.24.26]  at  1 1:45  24  October  2013 


Biofouling  1249 


Abiotic  FeOB  FeRB  FeOB+FeRB 


Figure  5.  Light  microscope  images  of  biofilms/corrosion  products  after  14  d  exposures  in  amended  ASW  with  and  without  additions 
of  FeOB  Mciriprofundus  sp.  DIS-1  and  FeRB  S.  frigidimarina.  Associated  macroscopic  images  of  surfaces  of  CS  (1.59  cm  diameter) 
in  situ  after  14  d  are  shown  at  the  bottom.  Abundant  orange  iron  oxides  were  present  in  the  abiotic  controls  (a),  but  cells  were  not 
observed  in  this  treatment.  Cells  were  observed  in  association  with  stalk  structures  of  iron  oxide  (indicated  by  arrows)  in  treatments 
containing  FeOB  (b  and  d).  Abiotic  treatments  (a)  and  those  containing  only  FeRB  (c)  did  not  contain  stalk  structures  of  iron  oxide. 
Note  abundant  cels  of  planktonic  FeRB  in  images  (c)  and  (d).  The  image  (d)  shows  the  same  sample  examined  using  brightfield  (BF) 
and  epifluorescence  (EP)  microscopy  stained  with  the  nucleic  acid  stain  Sytol3.  Scale  bars  represent  10  pm. 


method  that  used  opposing  gradients  of  Fe2+  and  02  to 
isolate  and  characterize  FeOB.  It  is  established  that  neu¬ 
trophilic  FeOB  compete  with  rapid  abiotic  oxidation  of 
Fe2+  and  have  adapted  to  low  02  environments  where 
they  couple  the  oxidation  of  Fe2+  and  reduction  of  02. 
For  example,  Druschel  et  al.  (2008)  determined  that  the 
maximum  levels  of  02  associated  with  the  growth  of 
Sideroxydans  lithotrophicus  were  15-50  p.M.  FeOB  typi¬ 
cally  exist  within  zones  of  low  oxygen  partial  pressure 
and  high  concentrations  of  Fe2+.  These  conditions  occur 
commonly  at  the  oxic-anoxic  boundary  of  groundwater 
springs  (James  &  Ferris  2004)  and  in  the  steep  redox 
zones  surrounding  macrofaunal  roots  in  tidal  marshes 
(Wang  et  al.  2011).  Wang  et  al.  (2011)  reported  that  the 
distribution  of  FeOB  in  a  tidal  freshwater  marsh  did  not 
have  a  simple  relationship  with  the  redox  potential  based 
on  depth  profiles.  They  indicated  that  oxygen-supplying 
macrofauna  appeared  to  control  ‘the  spatial  and  temporal 
variation  in  FeOB  communities.’ 

It  is  clear  from  the  work  presented  here  that  FeOB 
can  grow  and  proliferate  on  corroding  CS  submerged  in 
an  oxygenated  medium.  Corrosion  reactions  reduce  the 


level  of  dissolved  oxygen  (Lee  et  al.  2004),  creating 
conditions  amenable  to  the  growth  of  FeOB.  Support  for 
this  hypothesis  is  provided  by  McBeth  et  al.  (2011)  and 
Dang  et  al.  (2011)  who  reported  that  FeOB  (Mariprofun- 
dus)  were  among  the  first  colonizers  when  CS  was  sub¬ 
merged  in  coastal  seawater. 

Bacteriogenic  iron  oxides  (BIOS),  formed  as  a  result 
of  bacterial  oxidation  of  Fe2+to  Fe3+,  are  made  up  of 
intact  and/or  partly  degraded  remains  of  bacterial  cells 
mixed  with  amorphous  hydrous  Fe3+  oxides  (Ferris 
2005).  Miot  et  al.  (2009)  demonstrated  a  redox  gradient 
associated  with  FeOB  Rhodobacter  sp.  strain  SW2  where 
the  highest  proportion  of  Fe3+  was  near  the  cell  and  the 
concentration  of  Fe2+  increased  with  distance  from  the 
cell.  Several  iron  minerals  have  been  identified  with 
BIOS.  The  most  common  mineral  form  of  BIOS  is  rela¬ 
tively  amorphous  two-line  ferrihydrite  (Langley  et  al. 
2009;  Toner  et  al.  2012).  Banfield  et  al.  (2000)  identified 
2-line  ferrihydrite  associated  with  stalks  of  Gallionella 
sp.  and  the  sheath  of  a  Leptothrix  sp.  collected  from  the 
drainage  water  of  mines.  Ferrihydrite  is  one  of  the  first 
solid  phases  to  form  upon  abiotic  oxidation  of  ferrous 
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iron  in  neutral  pH  solutions.  Ferrihydrite  can  undergo 
transformation  to  goethite  and/or  lepidocrocite  (oxidation 
and  hydrolysis)  and  hematite  (internal  rearrangement). 
Chan  et  al.  (2011)  identified  lepidocrocite  deposits  on 
stalks  of  Mariprofundus  ferrooxydans  PV-1  grown  in 
ASW  with  FeS  as  the  source  of  Fe2+.  A  biopolymer  was 
associated  with  the  iron  oxide  encrusted  stalks.  Goethite 
and  lepidocrocite  have  been  identified  in  association  with 
stalks  of  FeOB  in  the  core  regions  of  tubercles  formed 
in  freshwater  on  CS  (Gerke  et  al.  2008;  Little  et  al. 
2010;  Ray  et  al.  2011;  Gerke  et  al.  2012).  Miot  et  al. 
(2009)  demonstrated  precipitation  of  goethite  on  poly¬ 
meric  fibers  extending  from  the  cells  of  phototrophic 
FeOB.  In  the  present  work,  goethite  was  identified  in  the 
corrosion  products  associated  with  the  FeOB, 
Mariprofundus  sp. 

FeRB  enhance  corrosion  under  some  circumstances 
and  have  a  passivating  effect  under  others  (Little  et  al. 
1997;  Dubiel  et  al.  2002).  Some  of  the  reported  differ¬ 
ences  can  be  attributed  to  differences  in  microbial  spe¬ 
cies  and  differences  in  the  composition  of  electrolyte  in 
experiments  with  the  same  organism  (Herrera  &  Videla 
2009).  In  addition,  there  is  variation  in  the  reactivity  of 
Fe  oxides.  Using  synthetic  Fe  oxides  and  10  mM  ascor¬ 
bic  acid  at  pH  3,  Larsen  and  Postma  (2001)  studied  the 
kinetics  of  bulk  reductive  dissolution.  They  concluded 
that  the  relationship  between  mass  and  surface  area  of 
crystals,  crystal  size  distribution,  the  relative  density  of 
the  site,  and  preferential  dissolution  along  crystalline 
boundaries  influenced  rates  of  dissolution.  Similarly,  Lit¬ 
tle  et  al.  (1997)  demonstrated  that  rates  of  reduction  var¬ 
ied  among  Fe  oxides  exposed  to  the  FeRB  S. 
putrefaciens .  Rates  of  dissolution,  measured  by  atomic 
absorption,  were  slower  for  hematite  compared  to  the 
rates  of  reduction  for  goethite  and  ferrihydrite  under 
identical  conditions  of  exposure.  In  the  experiments 
described  in  this  work,  exposure  of  CS  with  FeRB 
S.  japonica  resulted  in  multiple  iron  oxides,  including 
goethite,  lepidocrocite,  magnetite,  and  hematite.  When 
both  FeOB  and  FeRB  were  present,  the  corrosion  prod¬ 
ucts  were  predominantly  goethite  with  several  crystal 
morphologies. 

The  work  described  here  is  the  first  to  investigate 
corrosion  using  defined  mixed  cultures  of  FeOB  and 
FeRB.  Different  combinations  of  organisms  and  marine 
media  were  chosen  to  provide  a  range  of  experimental 
conditions.  Two  of  the  three  FeOB,  PV-1  and  M-34, 
were  isolated  from  Fe-rich  microbial  mats  at  Loihi  Se¬ 
amount  and  represent  different  strains  of  M.  ferroxydans. 
Strain  DIS-1  was  isolated  directly  from  a  steel  coupon  in 
Maine  (McBeth  et  al.  2011)  and  appears  to  be  an  obli¬ 
gate  Fe  oxidizer,  sharing  morphological  similarity  to  PV- 
1  and  M-34.  The  two  Fe  reducers,  Geothermobacter  sp. 
HR-1  and  S.  frigidimarina,  are  members  of  the  Deltapro- 
teobacteria  and  Gammaproteobacteria,  respectively. 


Geothermobacter  sp.  HR-1  is  obligately  anaerobic 
whereas  S.  frigidimarina  is  facultative.  The  Fe-reducing 
HR-1  strain  was  also  isolated  from  Loihi  (Emerson 

2009) .  Overall,  diverse  combinations  of  FeOB  and  FeRB 
did  not  produce  substantially  different  corrosion,  nor  did 
natural  seawater  vs  artificial  seawater  significantly  alter 
the  results  of  corrosion.  In  all  three  experiments,  FeOB 
and  FeRB  were  successfully  co-cultured  in  an  aerobic 
medium  with  corroding  CS.  Co-cultures  caused  signifi¬ 
cantly  more  roughening  of  the  surface  of  CS  compared 
to  either  FeOB  or  FeRB  alone,  or  to  abiotic  controls. 

The  presence  of  FeOB-generated  stalks  and  BIOS  in 
biofilms  provide  a  reactive  mineral  structure  that  can 
support  the  growth  of  FeRB  and  to  which  other  bacteria 
adhere.  BIOS  are  more  readily  reduced  by  other  bacteria 
(eg  FeRB  and  SRB)  in  comparison  with  synthetic  oxides 
of  iron  (Blothe  &  Roden  2009;  Emerson  2009;  Langley 
et  al.  2009),  which  may  lead  to  enhanced  growth  of 
anaerobic  colonizers.  In  this  work,  regardless  of  the  spe¬ 
cific  FeOB  used,  exposure  to  CS  resulted  in  iron 
encrusted  stalks.  Reduction  of  iron  oxides  bound  to  the 
stalks  was  visually  observed  in  the  presence  of  FeRB, 
regardless  of  experimental  conditions.  These  data  further 
demonstrate  that  FeOB  generated  BIOS  can  be  used  as 
electron  acceptors  and  provide  suitable  conditions  for  the 
proliferation  of  FeRB. 

Microbiological  iron  cycling  mediated  by  associated 
populations  of  FeOB  and  FeRB  that  carry  out  oxidative 
and  reductive  pathways,  respectively,  is  a  recognized 
phenomenon,  and  has  been  studied  most  extensively  in 
freshwater  habitats  (Emerson  &  Revsbech  1994;  Straub 
et  al.  2001;  Weiss  et  al.  2004;  Blothe  &  Roden  2009; 
Roden  et  al.  2012).  Blothe  and  Roden  (2009)  suggested 
that  in  high  iron  environments,  ‘Such  recycling  is  likely 
to  take  place  in  virtually  all  redox  interfacial  environ¬ 
ments.’  Examples  of  Fe  cycling  in  the  marine  environ¬ 
ment  are  less  known.  Iron  cycling  has  been  observed  in 
a  shallow  hydrothermal  vent  system  (Handley  et  al. 

2010) ,  and  at  a  deep-sea  vent  where  it  appeared  to  be  a 
very  slow  process  (Emerson  2009).  The  work  presented 
here  indicates  that  axenic  cultures  of  marine  FeOB  and 
FeRB  can  co-exist  and  have  the  potential  to  carry  out 
iron  cycling  over  very  small  spatial  scales.  The  sharp 
decrease  in  the  bulk  redox  potential  observed  in  the 
experiments  described  in  this  paper  suggests  that  FeRB 
and  FeOB/FeRB  consortia  in  association  with  corrosion 
of  CS  can  drive  the  redox  potential  farther  down  than 
the  processes  of  abiotic  corrosion  alone.  Biofilms  of 
FeOB  and  FeOB/FeRB  forming  at  corrosion  surfaces 
may  provide  anaerobic  niches  for  processes  of  microbial 
reduction,  such  as  dissimilatory  reduction  of  Fe  and 
reduction  of  sulfate,  even  in  environments  where  the 
bulk  conditions  are  oxic  (Experiment  1).  These  observa¬ 
tions  may  be  important  in  the  formation  and  mineralogy 
of  corrosion  products.  Notably,  when  FeOB  and  FeRB 
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were  present,  the  mineralogy  of  the  oxides  of  Fe  associ¬ 
ated  with  the  corrosion  products  was  different. 

Conclusions 

Corroding  CS  in  a  marine  environment  provided  the 
reduced  dissolved  oxygen  conditions  required  for  the 
growth  of  neutrophilic,  microaerophilic  FeOB  and  dis- 
similatory  FeRB.  The  minerals  formed  in  the  presence  of 
FeOB  and  FeRB  on  corroding  CS  were  not  predictable. 
The  data  provided  visual  evidence  that  FeRB  can  use  the 
BIOS  produced  by  FeOB  as  electron  acceptors.  The  min¬ 
eralogy  of  the  oxides  and  oxyhydroxides  produced  by 
FeOB  may  determine  the  rate  of  reduction  of  iron  by 
FeRB.  Exposure  of  CS  in  the  presence  of  co-cultures  of 
FeOB  and  FeRB  caused  a  measurable  loss  of  metal  from 
the  surface  of  CS  and  greater  roughening  of  the  surface 
in  comparison  with  incubations  of  CS  with  monocultures 
of  FeOB  or  FeRB. 
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